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ABSTRACT 
Lehman, J. S., Hanson, K. A., and Shaner, G. 2005. Relationship among 
genes conferring partial resistance to leaf rust (Puccinia triticina) in 
wheat lines CI 13227 and L-574-1. Phytopathology 95:198-205.  
This study describes the segregation of genes for resistance to the 
fungus Puccinia triticina in a cross between partially resistant wheat lines 
L-574-1 and CI 13227 with two and four genes for resistance, respec-
tively. The objectives of this study were to use parental, F1, F2, and back-
cross populations to quantify maternal effects, degree of dominance, and 
transgressive segregation, and to determine whether CI 13227 and L-574-
1 share any resistance genes for long latent period or small uredinia. In 
two experiments conducted in the greenhouse, the uppermost leaf of adult 
wheat plants was inoculated prior to heading with P. triticina. On days 6 
to 21 after inoculation, the number of uredinia that erupted from the leaf 
surface was counted and used to calculate the mean latent period (MLP). 
The length and width of five arbitrarily selected uredinia were measured 
and used to calculate uredinium area. Midparent values, degree of 
dominance, and broad-sense heritability were calculated for MLP and 
uredinium area. For experiment A, MLP values for CI 13227, L-574-1, 
F1, and F2 generations were 12.2, 10.5, 10.2, and 10.6 days, respectively. 
For experiment B, MLP values for CI 13227, L-574-1, F1, F2, backcross 
to CI 13227, and backcross to L-574-1 were 12.3, 10.0, 10.6, 10.8, 11.1, 
and 10.0 days, respectively. The inheritance of long latent period was par-
tially recessive, and no maternal effect was present (P = 0.62 to 0.87 for 
the comparison of means in reciprocal crosses). Broad-sense heritability 
for MLP ranged from 0.72 to 0.74, and there was transgressive segre-
gation in the F2 and backcross populations. Uredinia of the F1 generation 
were slightly larger than uredinia for CI 13227. The inheritance of 
uredinium size was partially dominant, and no maternal effect was pres-
ent (P = 0.5 to 0.63). Broad-sense heritability for uredinium area ranged 
from 0.36 to 0.73 and transgressive segregation was present in the F2 and 
backcross populations. The results for MLP indicate that lines CI 13227 
and L-574 likely share one gene for resistance (based on F1 values) but 
not two genes (based on the presence of transgressive segregation). CI 
13227 and L 574-1 appear to have at least one gene difference for 
uredinium area. The linear relationship between uredinium area regressed 
onto MLP was significant (P < 0.001) and r2 values ranged from 0.14 to 
0.26. These results indicate that the resistance in CI 13227 and L-574-1 
could be combined to create wheat cultivars with greater partial resistance 
than that possessed by either parent based on MLP or uredinium size.  
Additional keywords: slow rusting, Triticum aestivum. 
 
Slow leaf rusting is a partial, quantitative form of resistance in 
wheat that retards the establishment and reproduction of the fun-
gus Puccinia triticina. On partially resistant cultivars, there is a 
longer time between infection and production of secondary inocu-
lum (i.e., a longer latent period) than on susceptible cultivars (19, 
22,29,30). In addition, uredinia of the fungus often are smaller 
(22,29,30), produce fewer spores (19,27,30), and are fewer in 
number (19,22,29,30). These components of resistance greatly re-
duce the rate of disease development in the field because P. triti-
cina is a polycyclic pathogen (4,7,29). As a result, partially resis-
tant cultivars slow, but do not completely inhibit, the spread of 
leaf rust. Disease is held to levels that are economically less 
harmful to grain production. 
There are several reports on the inheritance of slow leaf-rusting 
in cereals to various rust pathogens in crosses between (i) suscept-
ible and resistant cultivars and (ii) resistant and resistant cultivars 
(1–3,5,7–9,11,13,14,18,20,21,23,24,33). In several of these studies, 
inheritance of slow rusting was determined by measuring rust 
development in the field; in others, the inheritance of the compo-
nents of slow rusting (e.g., latent period) was investigated. Slow 
rusting or its components generally proves to be a partially reces-
sive trait. In several studies, the number of factors associated with 
slow rusting was estimated to be in the range of two or three, 
although in one study (7) much higher estimates were obtained. 
Heritability estimates are moderately high, often in the range of 
0.6 to 0.9. 
Studies on the inheritance of resistance based on resistant × 
resistant crosses often prove to be more difficult to interpret than 
studies based on susceptible × resistance crosses because the 
assumptions of many of the methods of analysis (i.e., joint scaling 
analysis and estimation of genes number based on Wright’s 
formula) are violated due to lack of equal effects of genes, lack of 
unilateral distribution of plus alleles, and presence of interallelic 
interactions (1,28,34). Also, the inheritance effects in one resistant 
parent can influence the effects of inheritance in the other resis-
tant parent. Despite these shortcomings, crosses between two re-
sistant parents are necessary for determining whether the parents 
share common genes and for describing gene action between the 
two parents. 
Broers and Jacobs (3) estimated the number of genes for long 
latent period in susceptible (cv. Little Club) × resistant and 
resistant × resistant crosses of spring wheat cvs. Westphal 12A, 
Akabuzu, and BH1146 based on the frequency of recovery of 
parental phenotypes. They estimated that Westphal 12A, 
Akabuzu, and BH1146 carry three, two, and two or three genes 
for long latent period, respectively. They also observed transgres-
sive segregation (i.e., latent periods longer and shorter than each 
parent) in their analysis of F3 and F5 generations of resistant × 
resistant crosses. They concluded that Westphal 12A and Akabozu 
have different genes governing long latent period, whereas 
Akabozu and BH 1146 share at least one gene for long latent 
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period. Jacobs and Broers (8) also made crosses between the 
partially resistant cvs. Westphal 12A, Akabuzu, and BH1146. 
Resistance was partially recessive and mean latent period of the 
F1 generation resembled the latent period of the less-resistant 
parent. 
Bjarko and Line (2) reported additive gene action for partial 
resistance with significant interaction components in spring wheat 
cvs. Borah and Wampum. Their data failed to meet one of the 
assumptions of their method of analysis (joint scaling tests); 
namely, that all “plus” alleles for the character are associated with 
one parent and all “minus” loci are associated with the other 
parent. In a separate study, Bjarko and Line (1) reported on the 
number of genes controlling partial resistance and the heritability 
of partial resistance in resistant × resistant crosses between wheat 
cvs. Borah and Wampum. They estimated the number of genes 
segregating to be 5.7 to 8.6 when they used phenotypic range as a 
measure of genotypic range and 0 and 0.7 when they used paren-
tal difference as a measure of genotypic range. The phenotypic 
range method and the parental difference method are prone to 
overestimating and underestimating, respectively, the number of 
genes. The authors also observed transgressive segregation in a 
resistant × resistant cross between Borah and Wampum and sug-
gested that different genes control the partial resistance in these 
cultivars. 
Lee and Shaner (14) investigated partially resistant cultivars of 
diverse origin to determine if they possess unique genes for latent 
period. The latent period distributions of F2 populations of all 
crosses between partially resistant cultivars were continuous and 
showed transgressive segregation. In four of the seven crosses, the 
F1 latent period values were the same or longer than those of the 
less resistant parents. Lee and Shaner proposed that the longer 
latent periods in the F1 populations were due to modifiers, 
epitasis, or complementation in the heterozygous state. 
The number of genes for long latent period in cvs. CI 13227 
and L-574-1 previously has been estimated (13,28); however, 
there is no evidence that clearly shows whether CI 13227 and L-
574-1 share any genes that govern length of latent period and area 
of uredinia. These cultivars do not share common parents in their 
pedigree; however, they may have inherited the same genes for 
partial resistance from more distant ancestors. In previous studies, 
it was observed that populations of P. triticina that were selected 
for greater fitness on partially resistant CI 13227 also were more 
fit (i.e., larger initial uredinia and growth rate, and greater sporu-
lation) on the partially resistant L-574-1 to which the pathogen 
had never been exposed (17). If the genes for long latent period in 
CI 13227 and L-574-1 are the same, then pathogen adaptation to 
CI 13227 likely would result in pathogen adaptation to L-574-1. 
In contrast, if the genes for resistance are different, then pathogen 
adaptation to CI 13227 would be specific and have little effect on 
the resistance of L-574-1, and crosses between CI 13227 and  
L-574-1 may produce progeny that are more resistant than either 
parent. 
The objective of this research was to determine if the genes for 
partial resistance to P. triticina in CI 13227 are the same as those 
in L-574-1. Specifically, this study was designed to describe the 
mean latent period and uredinium area of parental, F1, F2, and 
backcross populations from crosses between L-574-1 and CI 
13227. Distributions of segregating progeny were used to deter-
mine the presence of transgressive segregation, the number of 
shared genes, heritability, and degree of dominance for latent 
period and uredinium size.  
MATERIALS AND METHODS 
Wheat cultivars and genetic crosses. The inheritance of par-
tially resistant wheat cultivars (Triticum aestivum L. em. Thell) CI 
13227 and L-574-1 were studied in parental, F1, F2, and backcross 
populations. The pedigree of CI 13227 is Wabash/American 
Banner//Klein Anniversario (28). L-574-1 was derived from a 
cross between cvs. Wakeland and Blueboy. 
CI 13227 and L-574-1 were crossed in the greenhouse to 
produce F1 seed. A portion of the F1 progeny was grown in the 
greenhouse and allowed to self to produce F2 seed. The remaining 
F1 progeny were backcrossed to both parents to produce two 
backcross populations. Parental lines, F1, F2, and backcross popu-
lations were evaluated for components of resistance in the green-
house. The experiment was repeated (experiments A and B). 
Seed of parental, F1, F2, and backcross generations were 
planted in flats of soil/peat (50:50). Seed were allowed to germi-
nate and grow for 2 weeks. Wheat seedlings were vernalized at 
3°C with 12 h/day of fluorescent light in a growth chamber for  
8 weeks. The vernalized seedlings were transplanted individually 
into 400-ml plastic pots containing a soil/peat mixture, and moved 
to the greenhouse for inoculation with P. triticina and for 
evaluation of uredinium number and uredinium size. 
Fungal cultures and inoculation procedure. The fungal 
population 851-WT was used to inoculate the parental, F1, F2, and 
backcross populations. 851-WT is a naturally occurring Indiana 
population of P. triticina that was collected from 200 to 300 
uredinia from volunteer seedlings of wheat cv. Beau (CI 17420) 
on 20 November 1984 at the Purdue Agronomy Farm, West 
Lafayette, IN. This population was increased for one generation 
on susceptible cv. Morocco and stored at –80°C until use. 
The flag leaf of each plant was inoculated with spores of  
P. triticina suspended in light mineral oil (400 mg spores per  
400 ml of mineral oil). Spores were sprayed onto plants with a 
model 151 Devilbiss atomizer and 552 to 620 kPa air stream. 
Inoculated plants were placed in a moist chamber at 18 to 22°C. 
After 12 to 14 h, the plants were moved to the greenhouse at 18 to 
22°C. 
Measuring components of host resistance. From 6 to 21 days 
after inoculation, we counted erupted uredinia on the upper sur-
face of the middle 3 to 5 cm of the flag leaf. Based on the daily 
numbers of uredinia, the mean latent period (MLP) of parental, 
F1, F2, and backcross populations was calculated with a weighted 
mean average. MLP, the average time required for uredinia to 
erupt, was calculated from counts of uredinia based on the 
equation 
∑=
=
n
i
iitP
6
MLP  
in which Pi is the proportion of uredinia on the ith day after 
inoculation relative to the final number of uredinia, ti is the day 
after inoculation, and n is the number of days after inoculation 
when all uredinia have appeared. 
Five arbitrarily selected uredinia on individual flag leaves of 
each cultivar were marked, and their length (L) and width (W) 
were measured to the nearest tenth of a millimeter with a Bausch 
& Lomb (Rochester, NY) measuring magnifier on day 18 after 
inoculation. From these dimensions, uredinium area (UA) was 
calculated using the equation for the area of an ellipse: UA = 
[(L)(W)(π)]/4. 
Data analysis. MLP and uredinium area in the F1 and back-
cross populations were examined for maternal effects. We used t 
tests to compare means of reciprocal crosses (i.e., L-574-1 × CI 
13227 versus CI 13227 × L-574-1) for statistical differences (31). 
The degree of dominance by which MLP and uredinium area 
were expressed was calculated (6). Broad-sense heritability (H) 
was calculated using the equation given by Kelly and Bliss (10) 
with corrections made by Shaner et al. (28): H = (s2F2 – [s2P1 + s2P2 + 
s2F1]/3)/s2F2, in which s2F2, s2P1, s2P2, and s2F1 were the variances of 
the F2, P1 (L-574-1), P2 (CI 13227), and F1 populations, 
respectively. 
Following the methods employed by Broers and Jacobs (3) and 
Bjarko and Line (1), the estimated number of shared genes or 
gene differences for MLP and uredinium area were calculated 
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using Wright’s formula (34). We used this method to calculate 
gene number based on (i) data from the backcross to the more re-
sistant parent (CI 13227) and (ii) data from the F2 generation. The 
equations for calculating gene number for the backcross (nBCP2) 
and F2 generation (nF2) were nBCP2 = (GR)2/{4[VBCP2 – (VP2 + 
VF1)/2]} and nF2 = {(GR)2[1.5 – 2h(1 – h)]}/{8[VF2 – (VP1 + VP2 + 
2VF1)/4]}, in which VP1, VP2, VF1, VF2, VBCP2 are the variances of 
the P1, P2, F1, F2, and BCP2 populations, GR is the genotypic 
range, and h = (F1 – P2)/(P1 – P2), where P1, P2, and F1 are the 
mean phenotypic values of the P1, P2, and F1 populations, re-
spectively. GR used in formulas for nBCP2 and nF2 was estimated 
by two methods: (i) the difference of the parental means and (ii) 
the phenotypic range of the population variances (1). 
The distributions of MLP and uredinium area were plotted for 
parental, F1, F2, and backcross populations. We considered segre-
gation of the backcross or F2 populations beyond the range of the 
parental populations to be evidence of transgressive segregation. 
We examined models for differences between CI 13227 and L-
574-1 involving zero, one, or two shared genes. In our models, we 
assumed that MLP values for a susceptible interaction were  
7.5 days based on values presented by Lehman and Shaner 
(16,17) for the highly susceptible cv. Monon inoculated with 
wild-type isolates of P. triticina. 
Assuming that four partially recessive genes condition long 
latent period in CI 13227 (28) and two partially recessive genes 
condition long latent period in L-574-1 (13), there are three 
models for the inheritance of the six genes. (i) There could be no 
genes in common between L-574-1 and CI 13227 (i.e., six segre-
gating genes in the F2 generation). In this model, F1 individuals 
are heterozygous at all six loci. Because partial resistance 
typically is recessive (13,28), levels of resistance of F1 should be 
lower than those of either resistant parent, barring complications 
due to modifying genes, epitasis, or the complementation of 
alleles in the heterozygous state (14). (ii) CI 13227 and L-574-1 
could share one gene (i.e., four segregating genes in the F2 
generation). In this model, F1 individuals are significantly more 
resistant than genotypes with no genes for resistance, such as 
Monon. Theoretically, F1 individuals may be even more resistant 
than L-574-1, depending on the effect of the gene in common and 
the contribution of genes in the heterozygous condition to 
resistance. (iii) L-574-1 and CI 13227 could share two genes (i.e., 
two segregating genes in the F2 generation). In this model, there is 
no transgressive segregation outside the range of CI 13227. F1 
individuals would be at least as resistant as the less-resistant 
parent. For each model, the genes could have equal or unequal 
effects. Each of these models was examined as a possible 
explanation of our data. 
In the one-shared-gene model, we assumed that the shared gene 
had a major effect on long latent period; therefore, cv. L-574-1 
had a major (b) and a minor (a) allele for long latent period. CI 
13227 had the same major (b) and three minor alleles (c, d, and e) 
for long latent period. We assumed that homozygous genotypes 
aa, bb, cc, dd, and ee extended latent period by 0.5, 2, 1, 1, and 1 
days, respectively. The values assigned for the genes in CI 13227 
were similar to those assigned by Shaner et al. (28). Gene values 
for L-574-1 were based on the observation that a susceptible 
latent period was approximately 7.5 days (16,17). Because the 
MLP for L-574-1 in our study was approximately 2.5 days longer 
than for a fully susceptible cultivar, we assumed that the two re-
sistance genes in L-574-1 increased latent period 2.5 days (i.e., 
this is the total effect of aa and bb). The latent period of the F1 
suggested that the genes contributed unequally to long latent 
period, and that the shared gene (bb) contributed more than the 
gene not shared by the two cultivars. Based on F1 values, we 
assumed bb added 2 days to the latent period, whereas aa added 
only 0.5 day. We assigned the degree of dominance as –0.5 based 
on data from experiment B and from previous studies (13); hence, 
if, in the homozygous condition (i.e., cc), an allele adds 1 day to 
latent period, then the allele in the heterozygous condition (i.e., 
Cc) would add 0.25 days to latent period. In this model, L-574-1 
had the genotype aabbCCDDEE and a hypothetical latent period 
of 10 days (i.e., 7.5 + 0.5 + 2 + 0 + 0 + 0). CI 13227 had the 
genotype AAbbccddee and a hypothetical latent period of 12.5 days 
(i.e., 7.5 + 0 + 2 + 1 + 1 + 1). The cross between CI 13227 and L-
574-1 would produce AabbCcDdEe F1 individuals with a latent 
period of 10.4 days (i.e., 7.5 + 0.125 + 2 + 0.25 + 0.25 + 0.25). 
To test whether expected results from our model with one 
shared gene fit our observed data, an average probability distri-
bution was created for both the BCP1 and BCP2 generations and 
compared with observed data. Average probability distributions 
were calculated based on the 16 anticipated genotypes in each of 
the two backcross populations. For each genotype, a probability 
distribution for days 5 to 16 was calculated based on a normal 
distribution and standard deviation estimated from variation in the 
F1 and parent generations. The probability distribution for each 
expected genotype was combined across all genotypes to create 
an overall probability of the hypothetical backcross population. In 
the case of the backcross to L-574-1, this model was used to de-
termine the expected number of plants with a latent period less 
than that of L-574-1, between L-574-1 and F1 values, and above 
F1 values. For the backcross to CI 13227, we calculated the 
expected number of plants segregating below F1 values, between 
F1 and CI 13227 values, and above CI 13227 values. To test 
whether observed data fit expected segregation patterns, χ2 tests 
were performed. 
We calculated linear regression coefficients and intercepts for 
uredinium area plotted against MLP for F2 and backcross genera-
tions. Coefficients of determination (r2) were calculated and used 
to describe the commonality of genes governing latent period and 
uredinium area.  
RESULTS 
In both experiments, inoculation with P. triticina resulted in 50 
to 300 uredinia per 3- to 5-cm-long section of the flag leaf. Based 
on data from reciprocal crosses, there were no maternal effects for 
latent period or uredinium area (Table 1). Because no maternal 
effects were present, the reciprocal crosses from each generation 
were combined for the remaining data analyses. 
The degree of dominance for latent period was –1.11 and –0.50 
for experiments A and B, respectively. The latent period for the F1 
generation resembled the latent period for L-574-1 (Fig. 1). 
Broad-sense heritability was 0.719 and 0.738 for experiments A 
and B, respectively. 
Transgressive segregation was present in the BCP1, BCP2, and F2 
generations for experiments A and B (Fig. 1). In experiment A, 
latent periods ranged from 7.4 to 17.2 days for the F2 generation. 
In experiment B, latent periods ranged from 7.9 to 15.8 days for 
BCP1, 7.4 to 15.4 for BCP2, and 7.4 to 16.5 days for the F2 gen-
eration. Ranges for the parents L-574-1 and CI 13227 were 9.2 to 
11.6 and 10.1 to 14.1 days, respectively, in experiment A and 9.1 
to 11.9 and 10.8 to 13.6 days, respectively, in experiment B. For 
experiments A and B, the gene number estimated from F2 and 
BCP2 populations ranged from 0.3 to 0.6 (parental difference 
method) or from 5.6 to 9.3 (phenotypic range method) (Table 2). 
The two-shared-gene model did not adequately explain the data 
because of the presence of transgressive segregation. In this model, 
no F2 individuals were expected to transgress outside the range of 
CI 13227. However, 6 of 225 plants in experiment A and 10 of 
226 plants in experiment B were outside the range of CI 13227. 
Observed MLP values for the F1 generations resembled those 
expected by this model. 
Based on the model with one shared gene of major effect on 
latent period, we expected 16 genotypes to be present in BCP1 and 
BCP2 populations, with MLPs that ranged from 9.6 to 10.8 and 
10.3 to 12.6 days, respectively. Specifically, we expected 27 of 70 
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BCP1 individuals to have MLP values shorter than that of L-574-1, 
21 of 70 BCP1 individuals with MLP between those of L-574-1 
and the F1 population, and 22 of 70 BCP1 individuals with MLP 
greater than those of the F1. Observed values were 28, 16, and 26, 
respectively. Observed data fit this distribution (χ2 = 1.95, df = 2, 
P = 0.38) (Table 3). Similarly, in the BCP2 generation, 17, 37, and 
15 of 69 individuals were expected to have an MLP below F1 
values, between F1 and CI 13227, and greater than CI 13227, 
respectively. Observed values were 22, 29, and 18, respectively. A 
χ2 test was performed on the expected number of plants segre-
gating in each category versus the observed number of plants in 
each category. Observed data fit this distribution (χ2 = 3.80, df = 
2, P = 0.15) (Table 3). 
In the no-shared-gene model, genotypes aa and bb (from L 
574-1) added 2 and 0.5 days to the latent period and genotypes cc, 
dd, ee, and ff (from CI 13227) added 2, 1, 1, 1, and 1 days to the 
latent period. In this model, expected MLP values for L-574-1, CI 
13227, and F1 (heterozygous at all loci, a to f) were 10, 12.5, and 
8.9 days, respectively. Although our observed data for parent 
populations resembled expected data, observed values for the F1 
population were considerably higher. We also considered this 
model with genes in L-574-1 having equal effects (i.e., 1.25 days 
each). In this model, parental values would be the same as those 
in the model of unequal effects, whereas F1 values would be  
9.37 days (=7.5 + 0.31 + 0.31 + 0.5 + 0.25 + 0.25 + 0.25). In all 
scenarios involving the model of no genes in common, observed 
F1 values did not resemble expected F1 values. 
Uredinium area. Uredinium areas for the F1 were slightly 
larger than the values for the more resistant parent CI 13227 (Fig. 
2). The degree of dominance ranged from 0 to 0.51. Broad-sense 
heritability was 0.73 and 0.36 in experiments A and B, re-
spectively. 
Transgressive segregation was present in the BCP1, BCP2, and F2 
populations (Fig. 2). In experiment A, uredinium areas for the F2 
ranged from 0.052 to 0.52 mm2. In experiment B, the uredinium 
area ranged from 0.061 to 0.38 mm2 for BCP1, 0.024 to 0.42 mm2 
TABLE 1. Tests for maternal effects on latent period and uredinium area of Puccinia triticina in reciprocal crosses involving the F1, BCP1, and BCP2 populations 
derived from a cross between wheat cvs. L-574-1 and CI 13227  
 Latent period (days) Uredinium area (mm2) 
Generation, cross No. of plants Mean Variance Pa No. of plants Mean Variance Pa 
F1         
L-574-1 × CI 13227 3 10.6 0.12 0.874 3 0.163 0.0012 0.63 
CI 13227 × L-574-1 23 10.6 1.57 … 23 0.175 0.0024 … 
BCP1         
L-574-1 × F1 61 10.1 2.57 0.617 60 0.195 0.0047 0.50 
F1 × L-574-1 9 9.9 0.81 … 9 0.177 0.0051 … 
BCP2         
C1 13227 × F1 65 11.6 3.33 0.694 … … … … 
F1 × CI 13227 4 11.5 3.37 … … … … … 
a  P value obtained from a t test assuming unequal variances. P > 0.05 suggests no maternal effects.  
 
Fig. 1. Frequency distribution of mean latent period for L-574-1 (P1), CI 13227 (P2), F1, and F2 populations in experiment A, and the L-574-1 (P1), CI 13227 (P2), 
F1, F2, BCP1, and BCP2 populations in experiment B, inoculated with Puccinia triticina.  
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for BCP2, and 0.019 to 0.42 mm2 for the F2. In experiments A and 
B, the gene number estimated from F2 and BCP2 populations 
ranged from 0.1 to 0.2 genes (parental difference method) or from 
5.3 to 10 genes (phenotypic range method) (Table 2). 
Uredinium area and MLP comparison. The uredinium area 
and MLP were compared in the BCP1, BCP2, and F2 populations. 
All regressions were significant (P < 0.0001). Values for r2 
indicate that genes controlling latent period explain only 14 to 
26% of the variation in uredinium area. All of the graphs had 
similar slopes and y intercept values (Fig. 3).  
DISCUSSION 
Latent period and uredinium area are components of partial 
resistance that can be measured reliably when they are examined 
under controlled conditions in the greenhouse. They are corre-
lated with the rate of rust development in the field (9,15,25,26,29) 
and, therefore, are useful in characterizing the genetics of partial 
resistance in cereal crops. Typically, partial resistance in cereals is 
studied in crosses between susceptible and resistant parents (1–
3,8,13,30). 
CI 13227 has been reported to have a long MLP (≈10.5 to  
12.8 days) and small uredinia (≈0.07 to 0.30 mm2) (13,16,17, 
28,29). Genes of unequal effects (one major and three minor) 
control latent period in CI 13227 (28). The number of genes that 
control uredinium area in CI 13227 is unknown. Like CI 13227, 
L-574-1 is also a good source of partial resistance to wheat leaf 
rust due to its long latent period and small uredinia. Its expression 
of latent period as reported in the literature is more variable that 
that of CI 13227 (averages range from ≈8.8 to 12.3 days) (13, 
14,16,17). Initial and final uredinium area for L-574-1 was re-
ported as 0.12 and 0.51 mm2 (17). Lee and Shaner (13) proposed 
that two genes of equal effect control latent period in L-574-1. 
There have been no studies on the genetic control of uredinium 
area in L-574-1. Our values for MLP (CI 13227 = 12.2 and  
12.3 days; L-574-1 = 10.0 and 10.5 days) and uredinium area (CI 
13227 = 0.15 and 0.19 mm2; L-574-1 = 0.25 and 0.20 mm2) are 
within the ranges reported in the literature for CI 13227 and  
L-574-1. 
Maternal effects for latent period and uredinium area in the F1 
and backcross generations were absent in our study. Bjarko and 
Line (2) also reported the absence of maternal effects in F1 and F2 
generations evaluated for disease intensity of leaf rust on spring 
wheat. Our estimates of degree of dominance of latent period 
(i.e., –1.11 and –0.50) agreed with previous studies that claim 
long latent period is a partially recessive trait. Jacobs and Broers 
(8) reported degree of the dominance in resistant × resistant 
crosses of Westphal 12A, Akabuzu, and BH1146 as –0.93 to  
–1.14. Lee and Shaner (13) reported a degree of dominance for 
latent period was –0.50 in a cross between L-574-1 and Suwon 92 
(i.e., long latent period was partially recessive). Similarly, Kuhn 
et al. (11) found that latent period was partially recessive based on 
skewed frequency distributions of F3 families. We hypothesized 
that uredinium area also would be partially recessive. However, 
average uredinium area for F1 individuals either resembled values 
of the more resistant parent or were no different than midparent 
values (degree of dominance = 0.0 to 0.51). Webster and 
Ainsworth (32) observed that partial resistance in snap beans 
(Phaseolus vulgaris) as measured by pustule size was governed 
by a dominant allele. Kuhn et al. (11) found no dominance for 
uredinium area (i.e., the mean for F3 families was not significantly 
different from midparent values). The partial recessiveness of 
long latent period means that, if intense selection is practiced in 
an early generation (e.g., the F2), plants whose progeny would 
have the desired phenotype would be discarded (28). Therefore, 
bulk populations should be carried along for several generations, 
which would allow continued selection for lines with a long latent 
period. 
Although partial resistance is a quantitative trait, it is moder-
ately heritable. Our estimates of broad-sense heritability suggest 
that 72 to 74% and 36 to 73% of the variation in latent period and 
uredinium area, respectively, is attributable to genetic variation. 
Shaner et al. (28) estimated broad-sense heritability for long 
TABLE 3. Comparison of segregation of latent period of wheat infected with Puccinia triticina between observed and expected models for the BCP1 and BCP2
generations in a cross between partially resistant cvs. L-574-1 and CI 13227  
Generation No. of plants Range (days) Observed Expecteda χ2 P 
BCP1b
 70 7.0–9.9 28 27 0.037 … 
  10.0–10.5 16 21 1.19 … 
  10.6–18.0 26 22 0.73 … 
  … … … ∑χ2 = 1.95 0.376 
       
BCP2c
 69 7.0–10.5 22 17 1.47 … 
  10.6–12.3 29 37 1.73 … 
  12.4–18.0 18 15 0.60 … 
  … … … ∑χ2 = 3.80 0.149 
a  Mean latent period values calculated based on a model assuming L-574-1 and CI 13227 have one major gene in common with a –0.5 degree of dominance. 
L-574-1 has two genes for resistance and CI 13227 has four genes for resistance. The gene b in the homozygous state (i.e., bb) increases latent period by 2 days 
and is common to both parents. The additional gene in L-574-1 (i.e., a) in the homozygous state (i.e., aa) increases latent period by 0.5 days. In CI 13227, 
additional genes c, d, and e in the homozygous state increase latent period by 1 day each. 
b  Range 7.0 to 9.9 days is the population segregating below L-574-1, 10.0 to 10.5 days is the population segregating between L-574-1 and F1, and 10.6 to 
18.0 days is the population segregating above F1. 
c  Range 7.0 to 10.5 days is the population segregating below F1, 10.6 to 12.3 days is the population segregating between F1 and CI 13227, and 12.4 to 18.0 days is
the population segregating above CI 13227.  
TABLE 2. Estimates of the number of segregating genes for mean latent
period (MLP) and uredinium area of Puccinia triticina in a cross between
partially resistant wheat cvs. L-574-1 and CI 13227 calculated from the
parental difference and the phenotypic range as measures of the genotypic
range  
  Population 
Trait, experiment Methoda BCP2 F2 Range 
MLP     
A (Ps – Ps)2 … 0.3 0–1 
 (PR)2 … 9.3 9–10 
B (Ps – Ps)2 0.6 0.4 0–1 
 (PR)2 7.2 5.6 5–8 
Area     
A (Ps – Ps)2 … 0.1 0–1 
 (PR)2 … 5.3 5–6 
B (Ps – Ps)2 0.2 0.2 0–1 
 (PR)2 10.1 7.8 7–11 
a  (Ps – Ps)2 = estimate of the genotypic range using the difference between the 
two parents (Ps = L-574-1 and Pr = CI 13227), and (PR)2 = estimate of 
genotypic range using the phenotypic range of the segregating population
(BCP2 or F2).  
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latent period in a cross between CI 13227 and Suwon 92 as 0.36 
and estimated narrow-sense heritability as 0.64 to 0.98. Bjarko 
and Line (1) reported narrow-sense heritability ranging from 0.33 
to 0.70 for partially resistance, and slightly higher values for 
broad-sense heritability. Our results agree with previous studies; 
latent period and uredinium area were moderately to highly 
heritable traits. The lower values of heritability that generally 
were observed for uredinium area suggest that this trait may be 
more difficult than latent period to work with in a breeding 
program. 
In our study, transgressive segregation was observed in the 
BCP1, BCP2, and F2 populations for both latent period and uredini-
um area. These observations are similar to those of several previ-
ous studies (3,9,14,30). The presence of transgressive segregation 
suggests that CI 13227 and L-574-1 differ in at least some genes 
for latent period or uredinium area. If both of the genes for long 
latent period in L-574-1 were present in CI 13227, we would 
anticipate no segregation outside the range of CI 13227. In the 
analysis of latent period, the presence and frequency of trans-
gressive segregation indicated that L-574-1 and CI 13227 likely 
shared only one gene for long latent period (i.e., they differed by 
four additional genes). Hypothetical models of one major shared 
gene and four segregating genes fit our data for backcross genera-
tions. The MLP values for our F1 population resembled values for 
L-574-1 and could be explained by a shared major gene for long 
latent period in the homozygous state and additional genes in the 
heterozygous condition, all of which contribute to long latent 
period in F1 individuals. Similar observations for F1 populations 
were reported by Lee and Shaner (14) and Jacobs and Broers (8) 
in some resistant × resistant crosses. In these studies, F1 popula-
tions from resistant × resistant crosses resembled the less resistant 
of the two parents and not susceptible levels. Lee and Shaner 
interpreted this observation as being due to modifiers, epitasis, or 
complementation in the heterozygous state. We propose a simpler, 
more tangible genetic hypothesis, namely that the parents share a 
gene that contributed greatly to long latent period. By assigning 
unequal values to shared and unshared genes and assuming a 
degree of dominance for latent period of –0.5, we were able to 
develop hypothetical values for parental and F1 generations that 
resembled our observed data. Transgressive segregation for 
uredinium area in the F2 and backcrosses, and the values of the F1, 
suggest that CI 13227 and L-574-1 have at least one gene 
difference for uredinium area. 
Our estimates of the number of segregating genes, calculated 
from genotypic range, were highly variable. In these calculations, 
we used the phenotypic range and parental difference to estimate 
genotypic range. Bjarko and Line (1) stated that the phenotypic 
range method tends to overestimate the number of segregating 
genes, whereas the parental difference method tends to under-
estimate the number. They suggest using phenotypic range and 
parental differences to provide upper and lower estimates of the 
number of segregating genes, respectively. Based on this ration-
ale, our calculations suggest that there are 0.6 to 5.6 and 0.2 to 5.3 
segregating genes for MLP and uredinium area, respectively, in 
the cross of CI 13227 and L-574-1. The numbers of genes that 
proposed to segregate in this cross, based on previous work 
(13,28) and our analysis of patterns of segregation in segregating 
generations, are within these ranges. 
 
Fig. 2. Frequency distribution of uredinium area for L-574-1 (P1), CI 13227 (P2), F1, and F2 populations in experiment A, and the L-574-1 (P1), CI 13227 (P2), F1, 
F2, BCP1, and BCP2 populations in experiment B inoculated with Puccinia triticina. Area (UA) was calculated using the formula UA = [(length)(width)(π)]/4. 
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Our study confirms that uredinium area tends to be smaller as 
latent period is longer (3,11,13). All regression lines between 
latent period and uredinium area based on the BCP1, BCP2, and F2 
generations had negative slopes that were significantly different 
from zero. Coefficients of determination, which ranged from 0.15 
to 0.26, were similar to that reported by Lee and Shaner (13) for 
F2 plants derived from a L-574-1 × Suwon 92 cross (r2 = 0.30) 
and those reported by Kuhn et al. (11) for F3 plants derived from a 
Suwon 85 × Suwon 92 cross (r2 = 0.30 to 0.40). Based on our 
results, 15 to 26% of the variation in uredinium area can be 
explained by latent period, suggesting that these two components 
of partial resistance are controlled by at least some of the  
same genes. A histological study provides some evidence for a 
common underlying mechanism that extends the latent period and 
reduces uredinium size (12). The fungus grew slowly in par- 
tially resistant cultivars, and took longer to reach a critical size  
for initiation of uredinia. Shaner (27) also found that uredinium 
area increased more slowly on partially resistant cultivars. The 
absence of a strong correlation between latent period and 
uredinium area implies that separate genes also influence each of 
these traits. 
The sharing of a major gene for latent period between CI 13227 
and L-574-1 would have implications for pathogen adaptation and 
the utility of CI 13227 and L-574-1 as separate sources of resis-
tance. Populations of Puccinia triticina that were selected for 
greater fitness on partially resistant cv. CI 13227 were also more 
fit (i.e., larger initial uredinium area and growth rate, and greater 
sporulation) on the partially resistant cv. L-574-1 to which the 
pathogen had never been exposed (17). Although this earlier study 
did not examine the inheritance of partial resistance in either of 
these cultivars, the cross-adaptation of the fungus to both cultivars 
suggested that CI 13227 and L-574-1 may share one or more 
genes for resistance. Here, the data suggest that CI 13227 and L-
574-1 share one major gene for resistance. This explains why 
adaptation of the pathogen to CI 13227 resulted in adaptation to 
L-574-1. 
Resistance in L-574-1 and CI 13227 may differ by four genes, 
suggesting that the genes could be “stacked” to create progeny 
more resistant than either parent. CI 13227 has one of the longest 
known latent periods and produces very small uredinia (16,17, 
28); therefore, stacking the genes of L-574-1 and CI 13227 would 
produce progeny with a longer latent period and smaller uredinia 
than any of the more resistant cultivars already observed. Small 
differences in latent period or lesion size can contribute signifi-
cantly to resistance in the field, because the increase of disease 
severity is exponential.  
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